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In solids spinning at the magic angle, the indirect detection of single-quantum (SQ) and double-quantum (DQ) 14 N spectra (I = 1) via spy nuclei S = 1/2 such as protons can be achieved in the manner of heteronuclear single-or multiple-quantum correlation (HSQC or HMQC) spectroscopy. The HMQC method relies on the excitation of two-spin coherences of the type T at the beginning of the evolution interval t 1 . The spectra obtained by Fourier transformation from t 1 to x 1 may be broadened by the homogenous decay of the transverse terms of the spy nuclei S. This broadening is mostly due to homonuclear dipolar S-S 0 interactions between the proton spy nuclei. In this work we have investigated the possibility of inserting rotor-synchronized symmetry-based C or R sequences and decoupling schemes such as Phase-Modulated Lee-Goldburg (PMLG) sequences in the evolution period. These schemes reduce the homonuclear proton-proton interactions and lead to an enhancement of the resolution of both SQ and DQ proton-detected 14 N HMQC spectra. In addition, we have investigated the combination of HSQC with symmetry-based sequences and PMLG and shown that the highest resolution in the 14 N dimension is achieved by using HSQC in combination with symmetry-based sequences of the R-type. We show improvements in resolution in samples of L-alanine and the tripeptide ala-ala-gly (AAG). In particular, for L-alanine the width of the 14 N SQ peak is reduced from 2 to 1.2 kHz, in agreement with simulations. We report accurate measurements of quadrupolar coupling constants and asymmetry parameters for amide 14 N in AAG peptide bonds.
Ó 2009 Elsevier Inc. All rights reserved.
Introduction
Because of the ubiquity of nitrogen in a wide range of materials, and because of its structural and functional role in many proteins and nucleic acids, it would be attractive to obtain spectroscopic signatures of 14 N in a straightforward manner. In contrast to popular nuclei with S = 1/2 such as 13 C and 15 N, 14 N has a spin quantum number I = 1 and a challenging quadrupole coupling constant on the order of a few MHz [1] [2] [3] [4] . In spite of these adverse conditions, 14 N spectroscopy appears to be on the verge of becoming a routine technique, thanks to indirect detection via neighboring spy nuclei with S = 1/2 such as 13 C or 1 H combined with magic angle spinning (MAS). In heteronuclear multiple-quantum correlation (HMQC) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , it is possible to transfer coherence from S to I nuclei via second-order quadrupole-dipole cross-terms [15, 16] , also known as residual dipolar splittings (RDS) [9, 11] , via scalar couplings [10, 14] , or via recoupled heteronuclear dipolar interactions by using rotary resonance [14, [17] [18] [19] [20] . Recoupling can be achieved by applying a continuous radiofrequency (rf) field to the spy nucleus S = 1/2 with an rf amplitude that is a multiple of the rotor spinning frequency, i.e., x S 1 = nx rot with n = 1 or 2. Alternatively, symmetry-based RN sequences of the R20 5 9 type [21, 22] can recouple the heteronuclear dipolar I-S ( 14 N-1 H) interactions while simultaneously decoupling the homonuclear S-S 0 interactions [23] . It was found by van Beek et al. [24] that the R18 2 5 method was also efficient to recouple heteronuclear dipolar 17 O-1 H interactions, and Brinkmann et al. [25, 26] showed that it is possible to obtain accurate measurements of 17 The quest for high-resolution proton spectra in solid-state NMR has lead to the development of sophisticated methods for decoupling homonuclear dipolar 1 H-1 H interactions. Recent progress in the design of MAS probes for very fast spinning, currently up to about 70 kHz, makes it possible to attenuate these homonuclear interactions significantly [27] . The combination of fast MAS with multiple pulse sequences, known as ''combined rotation and multiple pulse spectroscopy" (CRAMPS) [28] , requires synchronization with the rotor period s rot = 1/m rot , as in modified WHH4 sequences [29] or symmetry-based R18 2 9 sequences [30, 31] . Synchronization is not a particular problem in the present context, since the t 1 increments have to be rotor-synchronized anyway to eliminate the large first-order 14 N quadrupolar broadening. On the other hand, one can chose methods that do not require any synchronization, such as Lee-Goldburg (LG) experiments [32] from which frequency-switched LG (FSLG) [33, 34] and Phase-Modulated Lee-Goldburg (PMLG) [35] [36] [37] [38] [39] techniques have been derived. An alternative to these methods is offered by the DUMBO decoupling scheme [40] , which leads to efficient decoupling over a wide range of spinning speeds [41, 42] . Recently, Amoureux et al. have shown that efficient homonuclear dipolar proton decoupling can be achieved at high spinning speeds by applying smooth amplitude modulated (SAM) pulse sequences [43, 44] .
In this work, we used rotor-synchronized symmetry-based sequences [21, 22] and PMLG schemes [35] [36] [37] [38] [39] during the evolution interval t 1 of HMQC and HSQC pulse sequences to reduce the N spectra. We show that a substantially improved resolution can be achieved by merging HSQC methods with symmetry-based sequences of the R-type.
Experimental
) and the tripeptide alanine-alanine-glycine (AAG, NH which has a very small quadrupole splitting. Using a 1 kW amplifier, the 14 N pulses had an amplitude of m N r = 57 kHz. The details of the C, R and PMLG sequences are given below.
Applications
In L-alanine the 14 N nucleus in the rapidly rotating ammonium group only has a modest quadrupolar constant, which we have estimated [9] to be C Q = 1.13 MHz with g Q = 0.28. In the
group, the heteronuclear dipolar coupling between the three ammonium protons (which act together as spy nuclei) and the 14 N nucleus, when 'recoupled' by the R20 5 9 sequence [46, 47] , is expected to be on the order of 1-2 kHz. This interaction is partly overshadowed by the homonuclear S-S 0 dipolar couplings between the ammonium 14 NH þ 3 protons, the nearby H a , the more remote H b protons and other protons belonging to neighboring molecules in the crystal lattice [27] . In the excitation and reconversion intervals, these interactions can be attenuated by appropriate R-type symmetry-based sequences, which simultaneously decouple the homonuclear S-S 0 dipolar couplings while recoupling the heteronuclear S-I interactions. Homonuclear S-S 0 couplings that act during t 1 can be suppressed by C-, R-type symmetry-based sequences or other homonuclear dipolar decoupling methods such as PMLG, DUMBO and SAM. In particular, PMLG and DUMBO perform best when the decoupling cycle time s c is not a multiple of the rotor period [41, 42] . Here we have investigated the performance of a non-synchronized PMLG scheme. SAM is expected to be less efficient at high MAS frequencies [48] .
Recoupling heteronuclear interactions
In all HMQC and HSQC experiments with L-alanine, we applied the R12 3
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À5 rotor-synchronized pulse sequence [21, 22] to protons S in the excitation and reconversion intervals s exc and s rec in order to recouple the heteronuclear dipolar S-I interaction. We shall refer to R-HMQC and R-HSQC in these cases, where R indicates that we use symmetry-based sequences of the R-type to recouple heteronuclear dipolar interactions. This is shown in Fig. 1a and b. This windowless sequence consists of a sixfold repetition in 3 rotor periods of the pulse pair {180 75 180 285 } 6 , i.e., 12
pairs of p pulses with phases / = 75°and 285°. To ensure that the sequence is less sensitive to rf phase shift errors, phase-inverted supercycles [22, 49] were used. Therefore the R12 3 5 element is followed by a R12 3 À5 element where the signs of all phases are reversed. This supercycle reduces the number of second-order terms in the average Hamiltonian [46, 49] . To further improve the performance of the recoupling of the heteronuclear dipolar S-I interactions, nested supercycles may be implemented as shown by Brinkmann et al. for 17 O-1 H pairs [25, 26] . In experiments with AAG, the highest coherence transfer efficiency was obtained using the shorter R12 3 5 pulse sequence.
Decoupling homonuclear S-S 0 interactions in the indirect dimension
We have applied R6 1 3 and C6 2 3 pulse sequences to protons S in the evolution interval t 1 to decouple the homonuclear dipolar S-S 0 interactions. If we opt for the R-HMQC scheme in combination with the R6 1 3 sequences, the latter must be inserted before and after the refocusing p pulse applied in the middle of the t 1 evolution period (Fig. 1a) . . If we opt for the R-HSQC scheme in combination with homonuclear decoupling schemes, the latter must be inserted between the two p/2 pulses applied to protons (Fig. 1b) . In R-HSQC experiments the smallest time increment is given by the number of rotational periods, e.g., Dt 1 = s rot for R6 1 3 and Dt 1 = 2s rot for C6 2 3 . Long-range correlations may in principle be observed by increasing the excitation and reconversion intervals. The three ammonium protons, which rotate rapidly about the N-C a axis, act together as three spy nuclei with S = 1/2 each, with a group spin S = 3/2. The efficiency of coherence transfer of the R-HMQC and R-HSQC methods can be estimated from the ratio
Results and discussion
This ratio compares the signal amplitude S SQ/DQ of the first row of the 2D spectrum obtained with s exc = s rec , using phase-cycles appropriate for either 14 nuclear decoupling in the t 1 evolution period (Fig. 2a) , which can be reduced to about 2 kHz by inserting either C6 2 3 sequences (Fig. 2b) or R6 1 3 sequences (Fig. 2c ) in the t 1 evolution interval.
Similarly, for DQ spectra (bottom row), the projections onto the x 1 dimensions shown along the right-hand side of each 2D spectrum, reveal that the 14 NH þ 3 group leads to a signal which spans about 4 kHz (Fig. 2d) that can be reduced to 2.5 kHz by resorting either to C6 2 3 sequences (Fig. 2e) or to R6 1 3 sequences (Fig. 2f ).
The spectrum with the greatest similarity to the ideal simulated powder pattern was obtained with the R6 1 3 sequence (Fig. 2c and f). However, the spectra obtained with such sequences (Fig. 2c and f) appear to be noisier than those obtained with C6 2 3 sequences ( Fig. 2b and e) . The difference might be due to the nature of the recoupling scheme. Indeed, the C6 2 3 sequence gives a scaling factor k = 0 for the isotropic chemical shift, whereas the R6 1 3 scales the isotropic chemical shift by a theoretical scaling factor k = 0.45 with an effective field along the x-axis [22, 30, 47] . This is represented by a symmetry-allowed first-order rotating-frame average Hamiltonian acting on the protons S during the evolution time
where X s represents the offset of the proton S with respect to the rf carrier, while J is the scalar coupling constant. In all these experiments, the C and R sequences are applied to the protons S when the density operator contains terms as S x I x , S y I x , S x I x 2 and S y I x 2 . The success of these schemes is not limited to initial states with transverse proton magnetization such as in HMQC-like experiments, but can be extended to initial states with longitudinal proton magnetization such as S z I x and S z I x 2 as occur in HSQC-like experiments [50] . Indeed, the HSQC method offers the possibility − − pp can be implemented in order to decouple homonuclear interactions during the evolution period t 1 . The PMLG scheme comprises 12 pulses of 1 ls each, with an rf amplitude of 150 kHz, and a delay of 2 ls between consecutive groups of 6 pulses. The cycle was applied twice, leading to a total duration of 32 ls, corresponding to one rotor period. Each of the 2D spectra resulted from averaging 128 transients for each of 64 t 1 increments. The vertical x 1 axis is calibrated to 0 ppm for NH 4 Cl (left side), which coincides with the 14 N carrier at 0 kHz. The relaxation interval between consecutive scans was 3 s.
of implementing rotor-synchronized pulse sequences with time increment given by Dt 1 = s rot , which is not achievable with the HMQC scheme, since a p pulse has to be applied in the middle of t 1 , between two rotor-synchronized pulse sequences. Therefore, the HSQC method is preferable, since the spectral width in the indirect dimension is larger.
In this work, we have investigated a series of decoupling schemes in combination with the R-HSQC experiment. This is shown in Fig. 3 . Depending on the homonuclear decoupling pulse sequences, different full widths at half maximum (FWHM) have been measured. A remarkable improvement has been observed by comparing R-HMQC with R-HSQC. The FWHM goes from 2 kHz in R-HMQC (Fig. 3a) to 1.3 kHz in R-HSQC (Fig. 3b) . The latter can be further reduced to 1.2 kHz (Fig. 3e) by applying homonuclear decoupling schemes such as the R12 2 3 during each t 1 increment of the R-HSQC scheme. The PMLG3 x x pp scheme, repeated twice per rotor period, did not lead to any remarkable improvement of the resolution (Fig. 3d) . We observed a strong dependence of the efficiency of the PMLG scheme upon the proton rf carrier frequency, so that a fairly good resolution could be obtained by this method by adjusting the rf carrier frequency.
In Fig. 4 we plot the x 1 projections of the 2D spectra shown in Fig. 3 with simulations of a two-spin system (I, S) under the effects of quadrupolar and other recoupled interactions.
As in Fig. 3 , we have investigated the efficiency of C6 , we found that the Hamiltonian can be described by H
where k 1 and k 2 are scaling factors. When the rf carrier is set on resonance (Fig. 5a ), k 1 = 0.45 and k 2 = 0, as expected from the theory [21, 22] . Far off resonance (Fig. 5b-e) , the symmetry-based pulse sequence may be less efficient and consequently the experimental k 1 is smaller than the theoretical value. Further off resonance, we have observed a weak peak half-way between the two more intense peaks ( Fig. 5b-e ). This ''triplet"-like feature can be attributed to small errors of the p pulses used during the R6 1 3 pulse sequence that lead to a scaled Zeeman term with k 2 -0. In the HMQC scheme, the p pulse in the middle of the t 1 evolution period refocuses the effect of the above Hamiltonian acting on the protons S thus preventing the formation of the ''triplet" (Fig. 2c and f) . The R-HSQC sequence was applied to the tripeptide AAG. Good resolution was achieved without applying any decoupling scheme during t 1 . The presence of two amide 14 N sites in AAG, characterized by strong quadrupolar interactions (on the order of 2-3 MHz), leads to broad lines, making decoupling unnecessary. Since AAG experiences local dynamics on the 100 nanosecond (ns) timescale [51] , we decided to detect the DQ 14 N spectrum only, which is not affected by motion. This is shown in Fig. 6 . The good match between experiments and simulations at 18.8 T allows one to extract the quadrupolar coupling constant and the asymmetry parameter of two distinct 14 
Conclusions
It has been shown that the indirect detection of 14 N spectra via protons can benefit from decoupling of homonuclear proton-proton dipolar interactions. The resulting line-narrowing allows one to obtain higher 14 N SQ and DQ resolution and to extract more reliable quadrupolar parameters in amino acids and peptides. The experiments proposed in this work should further benefit from the advent of very fast spinning probes with very high rf amplitudes, which should improve the performance of all decoupling sequences used in this work. In cases where the 14 N SQ powder pattern is affected by motions, HSQC may provide more accurate measurements compared to HMQC, since it reduces the broadening due to strong proton-proton dipolar interactions. . We assumed uniform excitation of 4180 crystallites, generated with the ZCW algorithm [52] [53] [54] .
